The paper investigates the potential of the co-polarized HH/VV backscatter ratio at C-band and at high incidence angle to discriminate agricultural canopies characterized by small leaves and vertical stem structure (i.e. cereal crops) from those having a more branching geometry (e.g. tomato) or large leaves (e.g. sugar beet). The analysed data set consists of multi-temporal C-band HH and VV backscatter data acquired in 2006 and 2007 by the Advanced Synthetic Aperture Radar (ASAR) system over an agricultural site located in Southern Italy. The adopted classification scheme is based on a threshold approach, which is firstly assessed on selected fields and then extended over the entire study area. In addition, the analysis assesses the impact on the classification accuracy of two speckle filtering techniques, i.e. spatial and combined temporal-spatial speckle filtering. On test data, results show that the classification accuracy of cereal fields is equal to about 80%. This figure can reach up to 90% if a spatial averaging at field scale is applied.
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Introduction
Wheat is one of the principal cereal crops for human food, and in Europe its cultivation reached approximately 23 Millions hectares in 2006 [USDA, 2006] . To determine a price policy, national governments need accurate and reliable information on the status of the wheat crop ahead of the harvest. This information can be quickly supplied only by making accurate forecasts on crop areas and crop yields. The availability of updated wheat maps at the early stages is therefore a prerequisite to achieving these objectives, and remote sensing is a valid tool to obtain this information at regional scale and with reduced costs. Usually, accurate land cover/use maps are derived from multi-temporal optical remote sensing data [Bruzzone et al., 1999] . However, optical data are affected by cloud cover, which may delay map production thus hampering their effective use. Therefore, an increasing interest in exploiting SAR data for land use classification or crop mapping is emerging [Ferrazzoli et al., 1997; Le Toan et al., 1997; Saich and Borgeaud, 2000; Skriver et al., 1999; Stankiewicz, 2006] . In particular, multi-polarization SAR data at C-band hold a great deal of potential for crop mapping [McNairn and Brisco, 2004; Bouvet et al., 2009 ]. For instance, several studies focusing on the interaction mechanisms between radar waves at C band and vegetation canopies [Brown et al., 2003; Mattia et al., 2003; Picard et al., 2003; Della Vecchia et al., 2006] showed that the geometric structure of cereal crops, mainly composed of vertical stems, determines a differential attenuation of the H and V polarized signal and that this difference increases with the incidence angle up to 40°. This behaviour is not shown by other crops having a more ramified canopy structures (e.g. winter rape and tomato) or large leaves (e.g. sugar beet). Moreover, at approximately 40° of incidence angle, the HH/VV backscatter is highly sensitive to the wheat canopy and moderately dependent to soil status . For these reasons, C-band HH and VV backscatter data, acquired in alternating polarization (AP) mode by the ASAR system on board of the ENVISAT satellite [ASAR product Handbook, 2007] , appear to have a strong potential for mapping cereal crops in agricultural areas. In this context, the objective of this study is to quantitatively assess the statistical separability of cereal versus non-cereal crops using the HH/VV radar feature and the classification accuracy that can be obtained by using a threshold scheme. In addition, the impact of two different speckle filtering strategies on the achievable classification accuracies is also investigated. The two filtering approaches considered are the spatial speckle filtering and the combined temporal-spatial speckle filtering [Quegan and Yu, 2001] . The analysed data set was acquired during the 2006 and 2007 growing seasons over an agricultural area located in the Puglia region (Southern Italy). For each year, the remote sensed data set consists of a temporal series of ASAR AP images at high incidence angle, and multi-temporal SPOT images used to derive accurate and independent landcover maps of the area. In the next session, the experimental data set is described. Then, the temporal behaviour of the HH/VV backscatter ratio estimated over cereal and non-cereal crops is investigated. Subsequently, the classification scheme and the selection of the optimal threshold separating the two classes are presented, and the effect of the speckle filtering on the classification is illustrated. Finally, results and conclusions are given.
Study area, remote sensed images and data analysis
The selected agricultural area, covering approximately 736 km 2 , is located in the Capitanata plain close to the town of Foggia (Puglia region, Southern Italy), as shown in Figure 1 . The study area is mainly devoted to the cultivation of durum wheat. According to the local crop management scheduling, durum wheat is usually sown between November and December and harvested in mid June. Other annual main crops of the region are: sugar beet (sown in autumn and harvested in July), and tomato (sown in April-May and harvested in August-September). Permanent crops with a significant presence in the area are grapevines and olives. In the framework of a three-year study project [Rinaldi et al., 2007] , the area was periodically surveyed during the 2006 and 2007 growing seasons. Land cover was monitored over a large number of training fields covering an area of 9.4 km 2 (58% of which was wheat, 17% tomato, 9% sugar beet, 4% grapevine, 2% olive, and 10% bare soils). For a reduced number of fields, agronomic and soil parameters were measured. As an example, Figure 2 shows the temporal behaviour of the fresh biomass sampled on two wheat fields of the same farm in 2006 and 2007. In 2007, the peak of the growing stages (corresponding to approximately 2 kg/m 2 of fresh biomass) was in April, whereas in 2006, it was in May, as a consequence of different climatic conditions. It is worth mentioning that durum wheat is characterized by significant lower values of fresh/dry biomass and yield, with respect to other wheat varieties sown, for instance, in Northern Europe. In this area, accurate and updated land use maps for 2006 and 2007 were obtained from multi-temporal SPOT images by using the maximum likelihood algorithm. The list of SPOT images employed is shown in Table 1 . As a result, the main classes and their percentages for 2006 are: wheat (48%), sugar beet (3%), tomato (7%), grapevine (8%), olive (5%). Whereas for 2007 they are: wheat (54%), sugar beet (3%), tomato (10%), other than grapevine (7%), and olive (5%). As an example, Figure 1 shows the land use map obtained for 2006. The list of the ASAR Alternating Polarization Mode Single Look Complex (APS) products analysed in this study is also reported in Table 1 . It can be observed that in 2006 there were seven acquisitions from the beginning of March to the end of June, thus covering the entire growing season, whereas in 2007, only four images were gathered from approximately the peak to the end of the growing season (i.e. from April to June). The images selected have incidence angles ranging between 37° and 44° (i.e. swaths I5-I7). They were calibrated, co-registered and geocoded.The pixel size of the obtained images is 12.5 m and the equivalent number of looks (ENL) is approximately 1. ASAR data were analysed by computing the ratio of HH and VV average backscattering coefficient, i.e. <HH>/<VV> (hereafter denoted as R) in correspondence of selected wheat and non-wheat training fields. Non-wheat fields include sugar beet, tomato, grapevine, olive, and bare fields. The temporal behaviour of R (in dB) estimated over these two classes of fields monitored in 2006 and 2007 is shown in Figure 3 . The plot shows also the error bars equal to the standard deviation of backscatter variability (in dB), with respect to the average R, computed per each class and date. Both in 2006 and 2007, the temporal series of R for non-wheat fields show an almost constant level, below zero dB. Conversely, the behaviours of R for wheat fields show a maximum, that in 2007 is reached earlier than in 2006, and this is in substantial agreement with the phenological cycles of the wheat during the two years, as shown in Figure 2 . As a consequence, the distance between the R parameters of wheat and non-wheat classes (i.e. ∆R) shows a maximum in correspondence with the peak of <HH>/<VV> ratio. The values of ∆R as a function of day of the year (DoY) are reported in Tables 2 and 3 . 
Classification scheme and results
The n-looks HH/VV sampled backscatter ratio is a random variable characterized by a probability density function (pdf) depending on the average value estimated over homogenous fields (i.e. R), and on the number of looks (i.e. n) [Joughin et al., 1994; Oliver and Quegan, 1998 ]. On the basis of the pdf estimated for each acquisition date, the optimal threshold separating the wheat and non-wheat classes is obtained by applying the Bayesian decision rule, which minimizes the classification errors [Duda and Hart, 2001] . Successively, this threshold is applied to the entire study area. It is expected that the classification accuracy increase with the increase of the distance ∆R and with the increase of the number of looks (or equivalently with the decrease of the backscatter ratio standard deviation). For instance, as shown in Rignot and van Zyl [1993] , when ∆R equals 2 dB and the number of looks is larger than 40, then a probability of correct classification greater than 85% can be obtained. To obtain such a number of looks, two speckle filtering approaches have been applied. The first approach consists in a spatial filtering, i.e. obtained applying a 7x7 averaging window on each single ASAR AP image. The second approach is based on a combined temporalspatial filtering [Quegan et al., 2000] . The latter has been applied over a multi-temporal stack of 7 ASAR AP images (as shown in Tab. 1) estimating the coefficients of the temporal filtering over a 5x5 window. As prescribed in [Quegan et al., 2000] , in addition to the temporal filtering, a spatial filtering with a 5x5 averaging window is also applied. Table 2 and Table 3 report the overall accuracy (OA) of wheat classification from SAR data, for training and test data, obtained by using the spatial filtering and the combined temporalspatial filtering, respectively. These results were found using the optimal thresholds identified for each acquisition date, which range from 0.97 to 1.17. In both cases, the OA estimated on training fields in 2006 are close to the expected values of 85%, with a slightly better result obtained at DoY 136 because ∆R shows the highest value. Conversely, the OA values estimated on test data are significantly lower (i.e. around 75%). This is due to the wider area including a larger number of error sources, such as for instance, a larger number of wheat fields at different phenological stages. In this classification scheme, the amount of misclassification error is approximately 25% [Satalino et al., 2009] . It has been checked that this error is mainly due to samples of olive and bare fields classes that are classified as wheat. This behaviour could be explained considering that olive fields in the area are not homogeneous, and often they contain narrow strips of wheat. Moreover, it should be considered that a significant number of bare fields were often covered by spontaneous vegetation probably including cereal plants largely present in the area.
Comparable results of accuracies were also obtained in 2007. The accuracies obtained by the two filtering approaches are comparable, with a slightly better identification of field boundaries observed when the combined temporal-spatial speckle filtering is used. Moreover, a quantitative assessment on the classification improvements as a function of the window size used in the spatial averaging has been carried out. The accuracies obtained from SAR data filtered by increasing averaging window size (from 7x7 to 13x13), show that although the OA increases, particularly when the combined temporal-spatial filtering is used, it never exceeds 80%. The drawback of this approach is that larger averaging windows may likely include pixels belonging to non-homogeneous areas. A way to maximize the number of looks, avoiding the problem of including wrong pixels, is to apply a spatial averaging at field scale. Of course, the possibility of applying this method relies on the availability of a priori information on the field boundaries, for instance as a layer of a Geographical Information System (GIS). Tests on wheat classification performed by applying a spatial averaging at field scale show that it is feasible to achieve OA values approximately equal to 90%. As an example, Figure 4 and Figure 5 compare a portion of the study area classified using the combined temporal-spatial filtering (Fig. 4) and the spatial filtering at field scale (Fig. 5 ). Fields and subfields boundaries, obtained from an administrative GIS of the area, are superimposed. Figure 4 illustrates how well the wheat fields are discriminated, although their boundaries appear eroded. Conversely, Figure 5 shows not only the high quality of the wheat field discrimination, but also the remarkable reproduction of the field boundaries. Finally, the robustness of the method was tested and the unavailability of training fields was simulated. It has been verified that applying the threshold of 1.17 detected on data acquired in May 2006, to data acquired in April 2007, the accuracy reduces by only 2%.
Conclusions
The objective of this study has been to evaluate a method for mapping cereal crops using ASAR AP data acquired at HH and VV polarization and at high incidence angles (i.e. around 40°). Two temporal series of ASAR AP images, acquired in 2006 and 2007 over an agricultural area located in the Capitanata plain close to the town of Foggia (Southern Italy), has been employed in the study. The classification scheme consists of applying an optimal threshold to the HH/VV backscatter ratio. The classification accuracies obtained on test data are below 80%, and they slightly depend on the spatial and temporal filtering performed. The accuracies can achieve approximately 90% only if a spatial averaging at field scale is applied. Moreover, the analysis showed that the classification accuracy is not critically sensitive to the adopted threshold or to the specific acquisition date, provided that the latter is within the peak of the wheat growing stage. Although optical data can provide higher levels of classification accuracy, the proposed method appears robust and of particular interest for sites where the acquisition of cloudfree optical data is critical (e.g. Northern European sites). One aspect which still needs to be investigated is the validity of the presented approach when applied to cereal varieties characterized by considerably higher values of biomass than in Southern Italy, as it happens to winter wheat cultivated in Northern Europe. A second aspect, which might lower the performances of the presented approach, is the presence over the study area of a larger number of different crops with respect to the case observed over the Foggia study area, where winter wheat is by far the dominant crop. In this case, the multi-temporal information can play an important role to improve the level of classification accuracy. Future work will be dedicated to compare the use of single-date multi-polarimetric versus multi-temporal single-polarization SAR data.
